We present an analysis of four complete samples of radio-loud AGN (3CRR, 2Jy, 6CE and 7CE) using near-and mid-IR data taken by the Wide-Field Infrared Survey Explorer (WISE). The combined sample consists of 79 quasars and 273 radio galaxies, and covers a redshift range 0.003 < z < 3.395. The dichotomy in the mid-IR properties of low-and highexcitation radio galaxies (LERGs -HERGs) is analysed for the first time using large complete samples. Our results demonstrate that a division in the accretion modes of LERGs and HERGs clearly stands out in the mid-IR−radio plane (L 22µm =5×10 43 erg s −1 ). This means that WISE data can be effectively used to diagnose accretion modes in radio-loud AGN. The mid-IR properties of all objects were analysed to test the unification between quasars and radio galaxies, consistent with earlier work and we argue that smooth torus models best reproduce the observation. Quasars are found to have higher mid-IR luminosities than radio galaxies. We also studied all the sources in the near-IR to gain insights into evolution of AGN host galaxies. A relation found between the near-IR luminosity and redshift, well-known in the near-IR, is apparent in the two near-IR WISE bands, supporting the idea that radio sources are hosted by massive elliptical galaxies that formed their stars at high redshifts and evolved passively thereafter. Evaluation of the positions of the sample objects in WISE colour-colour diagrams shows that widely used WISE colour cuts are not completely reliable in selecting AGN.
INTRODUCTION
The nature of the energy source in active galactic nuclei (AGN) has been a matter of debate for a long while. In commonly accepted models, the energy is generated by accretion of cold material onto black holes in the centre of active galaxies (Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese & Merritt 2000) . The accretion produces photoionizing ultra-violet (UV) radiation, and gives rise to X-ray emission via Compton scattering. Hot, highvelocity gas clouds located within ∼ 1pc of the obscuring torus produce the broad emission lines that can be observed in their spectra while narrow emission lines are produced by the lower velocity gas clouds situated further away at ∼ 10-100 pc (Antonucci 1984; Urry & Padovani 1995) . Different classes of AGN, however, present different observational features in optical, X-ray and radio bands. An orientation effect is the main ingredient of both optical and radio unification schemes: in the optical, radio-loud AGN are classified according to whether they have broad emission lines in their spectra, which can be obscured by dust and gas (torus) at certain angles (e.g. Antonucci & Miller 1985) . In this case, the ⋆ E-mail:g.gurkan-uygun@herts.ac.uk obscuring structure is expected to re-radiate strongly in the midinfrared (Meisenheimer et al. 2001; Whysong & Antonucci 2004; Ogle et al. 2006 ).
The simple unification scheme of quasars and radio galaxies developed by Barthel (1989) is based on orientation dependent effects. According to this model, radio galaxies and quasars are the same objects seen at different angles. If a source is viewed within a cone of half-angle approximately 45
• it is called a quasar or broad-line radio galaxy (BLRG); if a source is viewed edge-on, where the nucleus is blocked by the dusty torus, the source is then identified as a radio galaxy (narrow-line radio galaxy -NLRG). On the other hand, Hine & Longair (1979) pointed out the existence of a population of radio galaxies that do not present the strong emission lines conventionally seen in powerful AGN (highexcitation radio galaxies -HERGs). This class of objects, called low-excitation radio galaxies (LERGs), are predominantly found to be at low-radio luminosities. This population poses a problem for simple unification, falling outside the generic view of radioloud AGN. They do not exhibit any expected feature of unified AGN; radiatively efficient accretion disk, X-ray emitting corona (Evans et al. 2006 ; Hardcastle et al. 2006 ) and obscuring torus in the mid-IR (Whysong & Antonucci 2004 ; Ogle et al. 2006 ). c 2011 RAS Hardcastle et al. (2007) suggested that a different source of fuel for the accretion process may be responsible for this difference. In this picture, HERGs (quasars, BLRGs and NLRGs) accrete in 'cold mode'; in which accretion of cold matter onto a super-massive black hole via an optically thick geometrically thin accretion disk produce radiation efficiently, whereas LERGs (alternatively called weak-line radio galaxies, or WLRGs) are thought to be fuelled by the accretion of the hot gas in haloes of their host galaxies through advection dominated flows (Narayan & Yi 1995; Best et al. 2006; Hardcastle et al. 2007; Janssen et al. 2012) and release the accretion energy in the form of jets or winds (Chiaberge et al. 2002; Merloni & Heinz 2007) [see also McNamara et al. (2011); ]. The relation between accretion rate and jet power was studied by Allen et al. (2006) and Bondi accretion rates have been evaluated for LERGs and HERGs by Hardcastle et al. (2007) . They showed that the majority of LERGs have jet powers comparable to the available Bondi power while many NLRGs have jet powers higher than Bondi accretion level, emphasising the possibility that LERGs are powered by accretion from the hot phase. Recently a similar conclusion was reached by Russell et al. (2013) . It is worth noting that studies of AGN environments support the idea of a different origin of the accreting gas; LERGs occupy gas-rich environments and redder, lower star-formation galaxies in comparison to HERGs at comparable redshifts (e.g Hardcastle 2004; Kraft et al. 2007; Tasse et al. 2008; Best & Heckman 2012; Hardcastle & Krause 2013) . However, another hypothesis to explain the diversity in accretion-modes of AGN is that there is a limiting value of the Eddington-scaled accretion rate above which radiatively efficient accretion takes place (e.g. Narayan & Yi 1995) . It has recently been shown that LERGs and HERGs are plausibly separated at a critical value of the Eddington-scaled accretion rate (e.g. Best & Heckman 2012; Russell et al. 2013 , Mingo et al. 2013 . This model does not require a one-to-one correspondence between fuel source and accretion mode, but, since sources fuelled by accretion from the hot phase will tend to contain massive black holes being fuelled at a low rate, it retains many of the predictions from the Hardcastle et al. (2007) model. Further discussion of the nature of LERGs and HERGs can be found in a recent review by Antonucci (2012) .
Determining the radiative power of AGN, particularly obscured AGN, is observationally difficult. To date, many hidden AGN have been discovered using hard X-rays but this technique only works for Compton-thin AGN (Madejski et al. 2000; Eracleous & Halpern 2001) . Spectropolarimetry is another way of confirming a hidden nucleus (Miller & Antonucci 1983; Antonucci & Miller 1985; Ogle et al. 1997) . However, it has limitations because in the case of lack of scattering material the results would yield false negatives. Mid-IR data is important in searching for radiatively efficient accretion in radio galaxies and testing the unification hypothesis, because in the presence of the putative dusty torus, optical-UV emission from quasar nucleus is intercepted by the torus and re-radiated in the mid-IR, which is only mildly sensitive to orientation (Whysong & Antonucci 2004; Shi et al. 2005; Hardcastle et al. 2009; Dicken et al. 2009; Fernandes et al. 2011) .
Many previous authors have used the mid-IR properties of radio sources to test the unification hypothesis. Heckman et al. (1992 Heckman et al. ( , 1994 used the Infrared Astronomical Satellite (IRAS) measurements of 3CR radio galaxies and quasars at z>0.3, and found that quasars were ≈ 4 times brighter than radio galaxies in their mid-IR and far-infrared (far-IR) fluxes (at 25-, 60-and 100-µm). They concluded that either mid-IR emission from radio-loud AGN is not isotropic or quasars are intrinsically different sources of mid-IR than radio galaxies with the same radio power, which would imply that the simple unification scheme needs to be revised. Similar results were also obtained in various subsequent studies using Spitzer (e.g. Cleary et al. 2007; Haas et al. 2008 ) and different reasons were suggested for the excess magnitudes seen in quasars in the mid-IR such as non-thermal emission and dust absorption. On the other hand, some other studies provided opposite results, suggesting that quasars and radio galaxies show identical mid-IR magnitudes (e.g. Meisenheimer et al. 2001; Haas et al. 2004 Haas et al. , 2005 Siebenmorgen et al. 2005; Shi et al. 2005; Dicken et al. 2009) .
Mid-IR studies of radio sources hitherto have been based on single sources or small or incomplete samples. In addition to this, due to the lack of complete mid-IR observations of radio samples, many investigations were carried out using incoherent data sets where the mid-IR observations were taken for a variety of purposes. One of the motivations of the current paper is to remove this deficit in radio-loud AGN research, providing a complete mid-IR study of the complete and relatively large sample. Here we present, for the first time, the mid-IR properties of four complete samples, namely 3CRR, 2Jy, 6CE and 7CE, which overall cover a wide redshift range (0.0029 < z < 3.93). For the analysis, the mid-IR data taken by Wide-Field Infrared Survey Explorer (WISE) (Wright et al. 2010 ) have been used. The objective of this work is to evaluate the utility of mid-IR data to investigate radiatively efficient/inefficient radio loud-AGN and the nature of HERGs and LERGs with WISE data. We also examine the mid-IR properties of these complete samples by addressing the quasar-radio galaxy unification and the near-IR properties by comparing our results with previous studies. This paper is organised as follows: a description of the samples, the method of determination of WISE fluxes and luminosities and tests of the consistency between WISE and Spitzer data are given in Section 2. Our key results are given in Section 3: WISE colour-colour diagrams of the sources are presented discussing the available colour cuts in the literature. An investigation of the old stellar population in our sample is presented and the unification of quasars and NLRGs is discussed. The dichotomy for LERGs and HERGs is re-evaluated in the light of our results. Finally, Section 4 presents a summary of our results and conclusions drawn.
The cosmological parameters used throughout the paper are as follows: Ωm=0.3, ΩΛ=0.7 and H0=70 km s −1 Mpc −1 .
DATA AND ANALYSIS

Samples
The 3CRR, 2Jy, 6CE and 7CE samples were chosen for our analysis. These complete samples are designed to include all radio sources brighter than the specified flux density limit in a particular area of sky at the selected frequency. Most of the samples have complete redshift measurements and emission-line classifications. Figure 1 shows the low-frequency radio luminosity and redshift distributions of the objects in the four samples which are described in more detail in the following subsections.
The 3CRR Sample:
We used the revised sub-sample of the 3CR catalogue of radio sources (Bennett 1962) , which have flux densities greater than 10.9 Jy at 178 MHz (Laing et al. 1983 ). There are 172 sources with Figure 1 . The 151-MHz radio luminosity distribution of the samples against redshift described in section 2.1. The 3CRR sample objects are plotted as red circles, the 2Jy sample as blue squares, the 6CE sample as orange stars and the 7CE sample as green diamonds.
0.0029 < z < 2.012 including 37 LERGs, 82 NLRGs, 10 BLRGs and 43 quasars. 3C231 was excluded from the analysis as its radio emission is due to a starburst.
The 2Jy Sample:
Another complete radio sample chosen for our analysis is a subsample of the 2Jy objects which has homogeneous spectroscopic observations (Wall & Peacock 1985; Tadhunter et al. 1993 ). The complete sample was generated selecting radio objects with flux densities above 2Jy at 2.7 GHz. Our sub-sample consists of 48 steep-spectrum sources (objects dominated by emission from the beamed relativistic jet and core components are excluded so that we minimise the contamination from non-thermal emission) with 0.05 < z < 0.7, which have mid-far infrared (MFIR) imaging and spectra taken by Spitzer (Dicken et al. 2008 (Dicken et al. , 2009 (Dicken et al. , 2012 as well as 98 percent complete Chandra/XMM X-ray imaging (Mingo et.al 2013 (in prep.) ). This sample has 10 LERGs, 20 NLRGs, 13 BLRGs and 5 quasars.
The 6CE Sample:
The 6CE sub-sample is drawn from the 6C survey (Baldwin et al. 1985) and was designed to select objects fainter than 3C objects, in order to investigate the cosmic evolution of radio galaxies (Eales 1985b; Eales et al. 1997) . The flux density limit for the sample is 2≤ S151≤3.93 Jy. It has virtually complete spectroscopic redshift measurements as well as infrared imaging (Eales et al. 1997; Rawlings et al. 2001 ). The 6CE sample has 58 sources including 19 LERGs, 28 HERGs and 9 quasars, whose redshift ranges between 0.105 and 3.395.
The 7CE Sample:
The 7CE sample, drawn from the 7C survey (Visser et al. 1995) , is a complete sample having flux densities greater than 0.5 Jy at 151 MHz (Willott et al. 1998 (Willott et al. , 2002 . This sample has 90 percent spectroscopic redshift completeness and 49 radio galaxies have nearinfrared imaging (Willott et al. 1998 . NLRGs were re-classified as LERGs considering the criteria suggested by Jackson & Rawlings (1997) 
WISE magnitudes
The WISE mission has observed the whole sky in four mid-IR
with an angular resolution of 6.1, 6.4, 6.5 and 12 arcsec, respectively. The WISE all-sky catalogue was searched for all objects in our samples. This was done by searching the catalogue within 10 arcsec.The expected number of sources within 10 arcsec is around 3.49×10
−4 so that a source detected within the search region of a given position is very unlikely to be a false association: the total expected number of false detections is 0.12. Our sample sources are away from the Galactic plane, where the density of WISE sources is highest. Since powerful radio galaxies tend to be the dominant objects in any group or clusters they inhabit, we do not expect any excess source density due to clustering to affect our results. In the search, we used the optical coordinates of the 6CE (Allington-Smith et al. 1982; Eales 1985a; Lilly 1989; Eales & Rawlings 1993 ) and 7CE samples (Willott et al. 1998 , and radio coordinates of the 3CRR 1 and 2Jy samples 2 (radio core coordinates provide accurate positions of AGN but the 6CE and 7CE samples do not have high-resolution radio observations capable of resolving the radio cores of the objects). In the case of multiple matches per source, these objects were treated separately; WISE images of individual sources were obtained and checked against high-resolution radio images to make sure that the right source was detected. Matches for all of the 3CRR (172) and 2Jy (48) objects were found in the catalogue. However, only 47 sources in the 6CE sample out of 58 and 68 in the 7CE sample (74) had detections. Sources rejected from the WISE all-sky catalogue for various reasons (such as low flux signal-to-noise ratios, spurious detections of image artifacts, or duplicate entries of source detections) are stored in the WISE all-sky reject table. The WISE reject table was searched to get magnitudes of non-detected sources. In our case, the sources found in the reject table have either upper limits or low flux signal-to-noise ratio. Among 17 non-detected sources 15 of them had matches or upper limit measurements in the reject table. WISE images of the remaining two sources were checked. Because of a very low signal-to-noise (SNR), we were not able to ob-tain their magnitudes, so these sources (6CE-1143+3703 and 6CE-1148+3638) were excluded from the analysis. Almost all of the sources in these samples had matches with SNR>2 in the shorter WISE bands (3.4 and 4.6 µm). Most of the upper-limit measurements (SNR<2) were obtained in the 12 and 22-µm WISE bands. Upper limits are indicated as arrows in the plots presented in the rest of the paper. Our detections are summarised in Table 3 , which also presents the quantity of upper-limit measurements grouped according to source classification. The WISE measurements are given in Vega magnitudes so the magnitudes of the sources were converted into Jy using the standard WISE zero-points 3 .
Consistency between WISE and Spitzer
Many sources in the samples considered here have mid-IR imaging or spectroscopy, taken by the Spitzer Space Telescope (Werner et al. 2004 ), therefore, we are able to check the consistency between WISE and Spitzer data. In order to do this, we used Spitzer measurements of 3CRR and 2Jy sources. In the 3CRR sample, 92 sources have 15-µm rest-frame (Ogle et al. 2006; Cleary et al. 2007; Hardcastle et al. 2009 ) and 49 objects have 24-µm observedframe, while all 2Jy objects (48) have 24-µm observed-frame Spitzer measurements. Our results can be seen in Figure 2 . A comparison of the 24-µm Spitzer and 22-µm WISE fluxes of both samples show excellent agreement between Spitzer and WISE data. There is also a good agreement between 15-µm (rest-frame) and 22-µm (lab-frame) fluxes although as expected, it shows a larger scatter in the correlation.
WISE luminosities
Before computing WISE luminosities in the four WISE bands, the 12-µm−22-µm spectral indices (Fν α ν −α ) were calculated. The mean index value (2.45, SD=0.88) corresponding to NLRGs, which should not be affected by contamination from direct quasar emission, of the 3CRR population where we have good detections in both bands was used for K-corrections of the whole sample. The luminosities of the objects in the 12 and 22-µm (observed) bands were then calculated. The same process has been implemented for computing the 3.4 and 4.6-µm luminosities of the sources using the 3.4-µm−4.6-µm spectral indices (the mean index value is 0.14). K-corrections were not derived using Spectral energy distributions (SED) because different components (old stellar population, torus and non-thermal emission 4 ) are included in the mid-IR. However, it should be noted that this method of calculating the K-correction in 3.4-µm band may not provide the best results because it does not take into account any curvature below 3.4-µm which is expected for radio galaxies; thus 3.4µm luminosities should be treated with caution. 151-MHz luminosities were extrapolated for the 3CRR and 2Jy samples using the radio spectral indices and 178-MHz or 408-MHz flux density measurements from the catalogues. 5-GHz core flux densities regarding the 3CRR and 2Jy objects in the catalogues are used. 
RESULTS
Colour−colour diagrams
Various methods have been developed for separating AGN from normal galaxies in the mid-IR (e.g. Lacy et al. 2004; Stern et al. 2005) . In particular, WISE colours have been utilised to select AGN (e.g. Assef et al. 2010; Jarrett et al. 2011; Mateos et al. 2012; Stern et al. 2012; Wu et al. 2012; Assef et al. 2013) . Before carrying out our main quantitative analysis, we investigated the positions of our objects in WISE colour−colour diagrams. Figure 3 shows colour-colour plots produced by using WISE W 1, W 2, W 3 (3.4, 4.6, 12-µm−Vega magnitudes) and WISE W 1, W 2, W 4 (3.4, 4.6, 22-µm−Vega magnitudes). Upper limits are indicated as arrows in the plots.
The W 1,W 2 and W 3 colours are widely used for selecting AGN (e.g. Mateos et al. 2012) . For comparison in Figure 3 (left) we show the AGN wedge with the black solid box defined by Mateos et al. (2012) . It can be seen in Figure 3 that these widely used colour cuts are not reliable for selecting all types of AGN. All LERGs and almost half of NLRGs are omitted if these colour cuts are used. This suggests that WISE colour cuts should be used with care for selecting AGN: in particular the fact that many NLRGs are not selected suggests that such colour cuts may be biased against heavily obscured type-2 AGN.
In both plots quasars and BLRGs have similar colours. NLRGs occupy a range of colours, which is suggestive of varying amounts of quasar contamination in the WISE near-IR bands. Using W 4 instead of W 3 leads to a better separation of LERGs and NLRGs. To determine the separation quantitatively, the best sepa- ration line was chosen at W 2 − W 3 = 2 and W 2 − W 4 = 4.9. The number of LERGs and NLRGs were counted in each side. For W 2 − W 3 < 2 the number of LERGs is 40 and of NLRGs is 16, and for W 2 − W 3 > 2 there are 30 LERGs and 159 NLRGs. For W 2 − W 4 < 4.9 there are 41 LERGs and 10 NLRGs, the number of LERGs is 29 and of NLRGs is 165 for W 2 − W 4 > 4.9. Thus, the W 2 − W 4 selection is slightly better at rejecting NLRGs from the LERG region. This shows that the effect of the torus is stronger in 22-µm band, as expected.
Investigation of the old stellar population
Since the near-IR emission from radio galaxies is dominated by the old stellar population of the host galaxies, studies of radio objects over a wide redshift range in the near-IR provide insights into the evolution of stellar components underlying such objects. The distribution of 3.4-µm magnitudes versus redshift is shown in Figure 4 . In this figure a relationship between near-IR band and redshift; an increase in magnitude with redshift, which is identical to the K-z relation of radio galaxies seen in previous studies of various radio samples (e.g Lilly & Longair 1982; Eales et al. 1997; Jarvis et al. 2001; Willott et al. 2003; Inskip et al. 2010 ). The relation between 3.4-µm and redshift is modelled by fitting a second-order polynomial (15.46 + 2.85 log10z-0.13(log10z) 2 ) which provided the best fit to the data. Only NLRGs and LERGs were used in the fits because quasars/BLRGs are contaminated by non-stellar quasar emission. A tight correlation between K magnitudes and redshift has been interpreted as showing that the radio galaxies are a homogeneous population associated with giant elliptical galaxies containing old stellar populations at lower redshifts. They formed the majority of their stars at high redshifts (z > In Figure 5 we also show the 3.4-µm luminosity and 4.6-µm luminosity versus redshift of the sources. 3CRR and 2Jy sources display almost identical near-IR luminosities. On the other hand, 6CE and 7CE objects lie close to each other and they have fainter host galaxies than the 3CRR sample at high redshift (z 0.7). To quantify this, we calculated the ratio of median fluxes of the samples for different redshift bins. The ratio of median fluxes for the 3CRR and 2Jy samples' galaxies in the 3.4-µm waveband is 0.7 (0.08) for z = 0 − 0.7. This ratio for the 6CE and 7CE samples is 1.8 (0.8) for z = 1 − 1.517. If the 3CRR and 6CE samples are considered the flux ratio is 1.7 (0.3) for the same redshift bin. A similar trend was seen in other studies (e.g. Eales et al. 1997; Best et al. 1998; Jarvis et al. 2001; Inskip et al. 2002; Willott et al. 2003; McLure et al. 2004) .
A possible explanation for this is that 3CRR sources are hosted by more massive systems (and proportionally more luminous) compared to the 6CE and 7CE radio galaxies (e.g. Best et al. 1998) . The jet power of a radio source is expected to be determined by the mass of the black hole in the centre of the source, the matter that accretes on to it and the efficiency of the accretion. Thus, powerful radio sources are more likely to host high mass black black holes. As many observational studies have shown (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998; McLure & Dunlop 2001 ) that the central black hole masses are roughly in proportion with the mass of host galaxies, 3CRR and 2Jy galaxies would be expected to tend to reside in more massive galaxies which are brighter at 3.4µm than the 6CE and 7CE galaxies.
Regarding different classes, we see that in each sample BLRGs have similar distributions to NLRGs in both near-IR bands. They could be either intrinsically weak AGN or reddened quasars. LERGs and NLRGs also show similar near-IR luminosities over the redshift range. The 6CE sample is classified mainly as LERGs and HERGs so HERGs will include some NLRGs and BLRGs. In both plots, we see that HERGs (6CE) mostly appear close to NLRGs (6CE) which is not surprising since they will most likely be narrow-line objects. Quasars are more luminous at both near-IR wavelengths in comparison with radio galaxies in each sample.
This is most plausibly due to non-stellar quasar emission that contributes to the near-IR band.
The possibility of a starburst contribution?
In Figure 6 we show the mid-IR luminosity distribution (observed frame 12-µm luminosity and 22-µm luminosity) of different class of sources as a function of redshift. It is important to consider whether any of this mid-IR emission could originate from warm dust heated by star formation. Therefore, we investigated any contribution of a starburst at the 22-µm waveband. In the most extreme case the integrated IR luminosity of a starburst is around 10 46 erg s −1 (Elbaz et al. 2011) . We used the relation log(LIR) = 1.02+0.972×log(L12µm ) given by Takeuchi et al. (2005) to estimate the luminosity at 22-µm band. This value is around 10 45 erg s −1 . Any object brighter than this cannot be a starburst. This allows us to rule out this possibility for most of our objects. Most of the remaining sources are LERGs and NLRGs, but these do not present starburst colours on the colour-colour diagrams of Figure 3 . Starbursts would occupy the right bottom corner. LERGs have redder colours and sit in the bottom left region on the plots. Furthermore, a continuum between the properties of sources above and below 10 45 erg s −1 is apparent in the 12-and 22-µm luminosity versus redshift plots. We conclude that star-formation activity cannot contribute significantly to the observed mid-IR emission and continue on the assumption that it is related primarily to AGN activity.
Quasar-radio galaxy unification
In standard AGN models, optical/UV emission obscured by dusty structures around the accretion disc is re-radiated in the mid-IR. Thus, hidden quasars can be inferred by means of mid-IR observations. It can be clearly seen in Figure 6 that there is more scatter in the 12µm luminosities than in the 22µm luminosities. The old stellar population has a slight contribution at 12 µm, but possibly more importantly PAHs have a strong effect at this wavelength (e.g. Weedman et al. 2006 , and references therein), thus the higher scatter may be attributed to this.
A comparison of the mid-IR properties of different classes of AGN reveals that quasars have higher mid-IR luminosities with respect to NLRGs. To quantify any excess in quasar mid-IR emission, median values of 12-µm and 22-µm luminosities in 4 redshift bins were obtained for both quasars and NLRGs. Since we have upper limits, to calculate median values we use survivalanalysis statistics which are used for data sets with censored data. The median values were derived using the ASURV (Schmitt 1985; Feigelson & Nelson 1985; Isobe et al. 1986 ) computer package which is uses the Kaplan-Meier estimator. Errors for the estimates of the median values were obtained using the bootstrapping technique. The ratios of the median values then quantify this excess emission in quasars. Calculated median values with their errors, selected redshift bins and the ratios are given in Table 4 . LERGs have lower mid-IR luminosities than the other class of objects, as seen in both plots. Although BLRGs tend to have higher mid-IR luminosities than NLRGs, an overlap between NLRGs and BLRGs is seen. In all redshift bins, quasars exhibit stronger mid-IR emission than NLRGs. Since re-radiated UV-optical emission from AGN dominates the 22-µm flux, ratios of the median values regarding the objects for this waveband can give the best indication of the difference in the mid-IR emission between quasars and radio galaxies. In the first redshift bins quasars are about 10 times more luminous than radio galaxies. The ratio decreases towards higher redshifts although quasars still have stronger behaviour in their mid-IR luminosities (≈ 3-2 times more luminous than radio galaxies). The decrease in the ratio towards high redshifts does not appear to be a simple effect of redshifting non-evolving SEDs of quasars and radio galaxies. Obtaining the distribution of SEDs as a function of luminosity and redshift would allow us to study this particular trend in more detail, but this is beyond the scope of this paper.
A significant difference ( 2) in the mid-IR magnitudes of quasars and radio galaxies was also reported by several studies (e.g. Heckman et al. 1992 Heckman et al. , 1994 Haas et al. 2005; Cleary et al. 2007; Hönig et al. 2011 ). Other authors (e.g. Meisenheimer et al. 2001; Haas et al. 2004 ) used small samples and found a slight difference between the properties of quasars and galaxies in the IR bands. Various interpretations (such as torus anisotropy, effects of the environments) were used to explain this. Dicken et al. (2009) obtained no difference between the mid-IR luminosities of the broad-and narrow-line objects from the 2Jy sample. However, although they used a complete sample, it is small in size. Our work is the first to use large, complete samples with coherent mid-IR data and good coverage of the redshift range where quasars and radio galaxies coexist in large numbers.
Different torus models have been proposed to explain different properties of quasars and radio galaxies (e.g. Pier & Krolik 1992 Nenkova et al. 2002 Nenkova et al. , 2008a Schartmann et al. 2005; Lawrence 1991; Simpson 1998; Grimes et al. 2003 ) and anisotropic emission due to the torus is expected in all suggested models. In order to evaluate our results in terms of different torus models we first calculated the critical angles (θcrit) which is the angle to the line of sight separating quasars and radio galaxies. To do that, as described in Barthel (1989) we used the probability function of finding a source within an angle to the line of sight for a randomly distributed set of sources and the number of quasars and radio galaxies found in a given redshift bin. The characteristic angles (the expected angle to the line of sight) for quasars (θQ) and radio galaxies (θRG) were computed for each redshift bin. These results are also shown in Table 4 .
We then examined our results with regard to the predictions of well-known torus models such as torus with smooth density distribution (Schartmann et al. 2005 ) and torus with clumps (Nenkova et al. 2008b ). Our results for both 12 and 22-µm wavebands are in agreement with the predictions of smooth torus models which show a relatively strong effect of anisotropy compared to clumpy torus models. For instance, there is a higher difference in the luminosities of quasars and radio galaxies at lower redshifts compared to the higher redshifts. Figure 8 in Schartmann et al. (2005) shows an inclination angle study for a range of wavelengths considering a smooth torus model; according to this figure, for the first two redshift bins, we expect to see a strong anisotropy in the mid-IR luminosity for calculated characteristic angles of quasars and radio galaxies at a corresponding wavelength (from the angles around 30
• to 70
• approximately a factor of four decrease is expected at 11 µm (rest-wavelength)). A similar study for clumpy torus models (Nenkova et al. 2008b , their Figure 10) shows only a slight difference in the mid-IR magnitudes for expected angles of quasars and radio galaxies (the difference in the mid-IR magnitudes between the angles around 30
• and 70
• is a factor of 1.2 at 12µm (rest-wavelength)). As previously mentioned there are three components that contribute to the mid-IR: re-radiation from torus; emission from the old stellar population and non-thermal contamination that can be seen in quasars/BLRGs. Any effect from an old stellar population is expected to be the same for both quasars and NLRGs. In clumpy torus models, substantial non-thermal contamination in quasars/BLRGs would have to be present to explain our results.
Dichotomy for LERGs and HERGs
Our primary aim in this section is to investigate how LERGs can fit into unification models and to what level mid-IR radiation can aid us in classifying LERGs and HERGs. The low-frequency radio luminosity is related to the time-averaged jet kinetic power but also the age of the source and to the properties of the external environment (e.g. Hardcastle & Krause 2013) . The mid-IR luminosity gives information about the torus emission (if it is present) and can be considered as a proxy for the intrinsic AGN luminosity (e.g. Fernandes et al. 2011 ). There may be some contamination, such as emission from the old stellar population and any possible anisotropy in the torus emission, as mentioned in the previous section. There can also be contributions from jet related nonthermal emission, Doppler boosted due to low inclinations (mainly in quasars and BLRGs).
In Figure 7 we present the mid-IR luminosity versus lowfrequency radio luminosity (at 151-MHz) for the radio sources in our samples. In both plots we see a correlation between the 151-MHz and mid-IR luminosities. This is expected as presumably both luminosities are roughly isotropic indicators of AGN nuclear activity. The 12µm plot has higher scatter than the 22µm one; this is ascribable to strong PAH features and emission from an old stellar population which still contributes at 12-µm band. Further examination of each of the samples in both plots shows that there is a scatter in the correlation due to selection biases. The 3CRR/2Jy objects Table 4 . Median values of the 3.4-µm, 4.6-µm, 22-µm and 12µm luminosities were derived using the ASURV (Schmitt 1985; Feigelson & Nelson 1985; Isobe et al. 1986 ) computer package for four different redshift bins. Redshift bins are shown in column 1, N indicates number of sources included to calculate median values, shown in column 3. Classes and ratios computed are given in column 4, 5, 6, 7 for the 3.4-, 4.6-, 12-and 22-µm luminosities respectively. Errors in calculations are given in parentheses. Column 8 shows the critical angles calculated and characteristic angles found for quasars as well as radio galaxies are given column 9 and 10.
have high radio luminosities in comparison to 6CE/7CE objects for a given mid-IR luminosity. The 6CE/7CE objects exhibit lower jet powers in comparison to the 3CRR/2Jy sources for a chosen radiative power (For a given 22-micron luminosity (L22µm = 10 45 erg s −1 ) the corresponding 151-MHz luminosity for the 3CRR sample is 3×10
43 erg s −1 , this value is 4×10 42 erg s −1 for the 6CE sample and 1×10
42 erg s −1 for the 7CE sample.). This suggests that we may not necessarily see a one-to-one correlation between radiative power and jet power (e.g. Mingo et al. 2013; Ogle et al. 2006; Punsly & Zhang 2011; Fernandes et al. 2011) . 3CRR and 2Jy objects, which are the most radio-luminous sources in the Universe in their redshift range, are selected to have highest radio luminosity for a given AGN power.
Considering the LERG/HERG division, the correlation between the low-frequency radio luminosity and mid-IR luminosity is very clear for HERGs. However, this correlation disappears for LERGs. We have used a quantitative test of partial correlation that takes into account censored data (Akritas & Siebert 1996) . The results of this correlation analysis can be found in Table 5 . We performed the correlation analysis between 22-µm and 151-MHz luminosity for all samples as well as for LERGs and HERGs separately. These results confirm the physical relationship between mid-IR and radio luminosities seen for HERGs (the strength of the correlation is given by τ /σ=6.08). On the other hand, the relationship is not significant for LERGs (τ /σ=1.89).
In order to highlight the separate positions of HERGs and LERGs in the radio−mid-IR plane, we re-plotted the 22-µm-, 22-µm−151-MHz luminosities using a different colour scheme. This can be seen in Figure 8 where HERGs are plotted with purple colours and LERGs with cyan colours. In this plot, an approximate empirical cutoff between LERGs and HERGs stands out, corresponding to a 22-µm luminosity around 5×10
[L bol ≈ 10 45 erg s −1 , assuming that the bolometric correction is ∼ 20 (Runnoe et al. 2012)] . A similar dividing luminosity was also found by Ogle et al. (2006) using a much smaller sample. The objects lying below this line are almost exclusively LERGs. Some overlap between LERGs and NLRGs appears in this plot. Classifications of some sources (especially in the 6CE sample, those labelled with question mark) are not clear which may cause this overlap. Furthermore, as argued by e.g. Mingo et. al. (2013) some lowpower objects classified as NLRGs should actually be classified as LERGs. However, it is important to note that almost all LERGs above this cutoff are upper limits. An object that is detected and has a luminosity higher than 5×10
43 erg s −1 is almost certainly a HERG.
The partial correlation test has also been carried out for all objects and each class in the 3CRR and 2Jy samples using the 5-GHz luminosity−22-µm luminosity (Figure 9 ) to see if there is any significant correlation between these luminosities. Since only the 3CRR and 2Jy samples have radio core observations, the 6CE and 7CE samples were not used for the analysis. The results of this correlation analysis are also shown in Table 5 . In Figure 9 NLRGs and BLRGs almost overlap, but quasars have higher luminosities at both wavelengths which can be attributed to some other (non-thermal or emission from the disk) contamination seen in the mid-IR for BLRGs and quasars. Despite the correlation seen for all sources, owing to the effect of redshift dependency, we do not see a significant correlation for each population apart from the LERGs. Our results support the findings of the similar analysis of Hardcastle et al. (2009) . The radio-core luminosity of AGN is an indicator of instantaneous jet power (e.g. Blandford & Königl 1979) . The significant correlation between radio-core emission and mid-IR emission seen in LERGs strengthens the idea that the mid-IR power in LERGs can originate in jets instead of the standard accretion mechanism (e.g. Chiaberge et al. 2002) .
As seen in Figure 8 , LERGs exhibit very weak mid-IR emission and some have only upper limits. This can obviously be attributed to lack of obscuring structures. Our results also reinforce the prediction that different accretion modes govern HERGs and LERGs. What drives these different modes is a crucial question.
As discussed in Section 1, one of the hypotheses for the difference between HERGs and LERGs is that there is a limiting value of the Eddington-scaled accretion rate above which radiatively efficient accretion takes place. In order to test this hypothesis we use available WISE data; using 22-µm luminosity as a proxy for the total radiative luminosity of AGN and the 3.6-µm luminosity for stellar luminosity (∼stellar mass), which is correlated with blackhole mass and thus with the Eddington luminosity for LERGs and NLRGs. Quasars and BLRGs can be contaminated by non-thermal emission in both bands. Moreover, the nuclear quasar emission can overwhelm the stellar light measured at 3.4-µm. For these reasons, quasars and BLRGs are excluded from the plots. The ratio of 22-µm to 3.6-µm then should provide a proxy of the Eddington-scaled accretion rate for NLRGs and LERGs. The results of this test can be seen in Figure 10 . In Figure 10 . It is worth noting that in both histograms there are some overlaps but since we are only using rough estimators for calculation of the accretion rates this is expected. Furthermore, the classifications of some sources are not clear (such as some sources in the 6CE sample) and this can also lead to some overlap. Nevertheless, this suggests that the 22-µm/3.4-µm luminosity ratio can give a good empirical NLRG/LERG classification. A more detailed discussion of the Eddington-scaled accretion rate in radio galaxies is given by Mingo et al. (2013) and Fernandes et al. (in preparation) .
SUMMARY AND CONCLUSIONS
We have used WISE to establish the near and mid-IR properties of four radio samples; 3CRR, 2Jy, 6CE and 7CE. The main results are as follows.
• We evaluated our objects in WISE colour-colour diagrams. Various WISE colour cuts and criteria have been suggested for selecting AGN (Assef et al. 2010; Jarrett et al. 2011; Mateos et al. 2012; Stern et al. 2012; Assef et al. 2013) . Although these criteria are detecting some AGN, they are not successful for covering all types of AGN. It can be seen in the diagrams (Figure 3 ) that LERGs and many NLRGs cannot be selected using a simple WISE colour cut or by other criteria proposed in the literature.
• The near-IR luminosity−redshift relation reinforces the picture in which radio galaxies are hosted by giant ellipticals that formed their stars at high redshifts and evolved passively thereafter. At high redshifts (z>0.7) 3CRR objects differ from 6CE and 7CE object having higher near-IR luminosities. This suggests that 3CRR galaxies are more massive systems with higher masses of stars at high redshifts compared to 6CE and 7CE radio galaxies.
• Our investigations of quasar-radio galaxy unification indicate that quasars are systematically more luminous in the mid-IR than radio galaxies, and more so at 12-µm than 22-µm. Our results are consistent with the predictions of smooth torus models which show a strong effect of anisotropy (e.g. Schartmann et al. 2005) .
• We have shown for the first time with a large complete sample that low-and high-excitation radio-loud AGN have completely different mid-IR luminosities. While LERGs have extremely weak mid-IR luminosities−in fact many of them are not detected and have only upper limits−HERGs are mostly luminous sources in the mid-IR. Our results obviously favour previously established accretion models (e.g. Hine & Longair 1979; Laing et al. 1994; Evans et al. 2006; Ogle et al. 2006; Hardcastle et al. 2007; Janssen et al. 2012; Best & Heckman 2012; Russell et al. 2013 ); LERGs do not hold any conventional AGN properties and accrete in a radiatively inefficient manner, while HERGs are powered by radiatively efficient accretion. This accretion-mode classification can now be explicitly identified in the mid-IR−radio plane.
The distribution of each population is quite distinct in the 22-µm−151-MHz luminosity plot. An empirical cutoff stands out in the radio-IR plane (Figure 8 ), which leads to the conclusion that any object below 4-5×10 43 erg s −1 at 22-µm is a LERG. Classification of radio sources, hitherto, have relied on expensive optical spectroscopy. Here, we propose that WISE data can be effectively used to identify radiatively inefficient and efficient radio-loud AGN.
• One model of the difference between LERGs and HERGs is that there is a limiting value of the Eddington-scaled accretion rate above which radiatively efficient accretion takes place. Using the 22-µm and 3.4-µm luminosities we calculated the ratio of 22-µm/3.4-µm as a proxy of the Eddington-scaled accretion rates for NLRGs and LERGs. Although there is some overlap, LERGs (∼ 0.01-0.3) and NLRGs (∼ 0.3-10) differ from each other in this ratio. Different accretion rates for LERGs and HERGs were also found by others (Mingo et al. 2013; Best & Heckman 2012; Russell et al. 2013) . Since the classification of some objects in the 6CE and 7CE sample is not complete and secure, we may expect to have some overlap in the accretion-rate histograms. Other uncertainties such as the effect of different environments on the radio power of radio galaxies as well as the calculation of black hole mass can contribute to this overlap (see Mingo et al. 2013 ). Table 5 . Results of partial correlation analyses. All sources and subsamples that have relevant luminosities used for the analysis are given in column 3. The number of objects included in the analysis can be seen in column 4. τ /σ gives an indication of the strength of the partial correlation in the presence of redshift; a cutoff of τ /σ is adopted as τ /σ>3 for a significant correlation. Histogram of the distribution of 22µm luminosity over 3.4µm luminosity (a proxy of the Eddington-scaled accretion rate) versus redshift. In the left plot all sources are used and in the right objects with upper limits are excluded.
